We report first-principles density functional calculations of the polarizations, piezoelectric stress constants, and elastic constants for the II-VI oxides MgO, ZnO, and CdO in the wurtzite structure. Using our pseudopotential selfinteraction corrected implementation of density functional theory, we obtain polarization values of ÿ0.060, ÿ0.022, and ÿ0.10 C/m 2 , and piezoelectric constants, e 33 (e 31 ) of 1.64 (ÿ0.58), 1.34 (ÿ0.57), and 1.67 (ÿ0.48) C/m 2 for structurally relaxed MgO (with its in-plane lattice parameter fixed to that calculated for ZnO), ZnO, and CdO, respectively. The large polarization gradients between the end-point compounds in the MgO-ZnO-CdO system augur well for the production of large internal fields in ZnO-based polarization field effect transistors.
Over the past decade, nitride-based III-V semiconductors have emerged as leading contenders for many technological applications, particularly in optoelectronics (blue and green lasers and light emitting diodes 1,2 ) and microelectronics (high electron mobility transistors 3 ). Their utility in optoelectronics stems in large part from their wide range of direct bandgaps-0.7 eV in InN, 3.4 eV in GaN, and 6.3 eV in AlN-combined with their ability to form complete solid solutions, which provides the entire spectrum of emission wavelengths from 1,800 nm (infrared) to 200 nm (ultraviolet) . In addition, the macroscopic polarization associated with the wurtzite crystal structure plays an important role in determining the electrical and optical properties. This is particularly important in heterostructures where a difference in polarization between layers induces an electric field at the interface, which in turn is screened by the formation of a two-dimensional electron gas (2DEG). The electron mobilities in such polarization-induced 2DEGs can be much higher than those in traditional impuritydoped systems, in which the electrons scatter from ionized impurities. Thus, high-speed transistors known as polarization field effect transistors can be produced. 3 Presently, there is growing interest in ZnO-based materials as alternatives to the nitrides. Indeed, many properties of ZnO are similar, if not superior, to those of GaN. Perhaps most importantly, and in striking contrast to GaN, single crystals of ZnO can be grown readily 4 and used as substrates for the growth of thin film devices. This facilitates the production of much higher quality films using homoepitaxy and circumvents the problems associated with dislocation formation from epitaxial mismatch that plagues GaN growth. In addition, the exciton binding energy of ZnO (60 meV) is twice as large as that of GaN, leading to stronger electron-hole recombination and thus improved optical efficiency. 5 Finally, the bandgap of ZnO (3.4 eV) is very close to that of GaN, and it can likewise be varied systematically by alloying with MgO 6,7 or CdO. 8 However, since MgO and CdO do not occur in the wurtzite structure, values of the electronic and elastic properties, crucial for the modeling of heterojunction device performance, 9 cannot be obtained experimentally.
In this work, we calculate the spontaneous polarizations, piezoelectric coefficients, and elastic constants of wurtzite-structure MgO, ZnO, and CdO. We calculate the structures of the materials using the standard local density approximation (LDA) to density functional theory as implemented in the VASP package. 10, 11 We then use our recently developed pseudopotential self-interaction corrected (Received August 1, 2005; accepted November 23, 2005) (pseudo-SIC) implementation 12 of the density functional formalism to calculate the electronic properties, because the LDA fails to obtain a band gap for wurtzite-structure CdO, preventing the calculation of its polarization. We obtain the polarizations using the widely used Berry phase method, 13,14 and report them relative to the ideal wurtzite structure (u 5 0.375) in the ionic limit; 15 note that this limit is equivalent to the zincblende reference structure used by some authors. 16 The piezoelectric coefficients and elastic constants are obtained from the calculated dependence of polarization and energy on the appropriate strain; care is taken to avoid problems associated with the branch dependence of the polarization by extracting the so-called proper piezoelectric response for the e 31 coefficients. 17 Our main result is that the polarization gradients are larger in the ZnO-based system than in the GaN-based system, suggesting ZnO as a promising candidate for the development of polarization field-effect transistors.
Before reporting our polarization results, we compare our pseudo-SIC band structures with those that we obtain using the LDA (Fig. 1) . For ZnO and CdO, the band structures were obtained at our calculated LDA wurtzite lattice parameters (Table I(a));
for MgO, the value was fixed to that of LDA ZnO and the other parameters were optimized within the LDA (Table I(b) ).
It is clear that our calculated pseudo-SIC band gap of ZnO (3.8 eV) is in good agreement with the experimental value (3.4 eV 18 ), whereas the LDA shows the usual underestimation (0.78 eV). CdO and MgO occur naturally in the rock-salt structure with band gaps of~1 eV (indirect) or 2.4 eV (direct) for CdO 18 and~7.7 eV for MgO; 18 although our calculated bandgaps for the wurtzite structure should not match exactly, they are of similar magnitude.
When a wurtzite-structure semiconductor is constrained by epitaxial matching to a substrate or in a heterostructure, its total polarization is the sum of its intrinsic spontaneous polarization, P sp (that is the polarization that it would have in an unstrained bulk sample) plus the polarization induced as a result of the strain, P pz (e). The strain-induced component depends strongly on the strain, e, and hence on the lattice mismatch between the epitaxial layers; in the linear regime, it is related to the piezoelectric tensor, e, by
Both the intrinsic and strain-induced contributions can be calculated accurately from first-principles calculations, 13, 14, 16, 19 and have been shown to be large in the III-V nitrides. 16 We begin by calculating the polarization and piezoelectric constants (e 33 and e 31 ) at the calculated LDA equilibrium structures for ZnO (a 5 3.20 Å , c/a 5 1.61, and u 5 0.378) and CdO (a 5 3.60 Å , c/a 5 1.55, and u 5 0.391); our results are reported in Table II *The lattice parameter a 0 is given in Å , while u 0 is given in units of c 0 . In case (a), a full-geometry optimization was performed, with all the internal parameters relaxed. In case (b), the in-plane lattice parameter was fixed to the calculated LDA value for ZnO, and the c/a, and u were relaxed. In case (c), the in-plane lattice parameter was fixed to that of the experimental in-plane lattice constant of ZnO and once again c/a and u were relaxed.
